Rifampicin (RIF) is a benchmark drug for treatment of tuberculosis, but poor bioavailability, prolonged treatment, and pill burden have been linked to therapeutic failure and the development of multidrug resistant strains. To overcome these limitations, this study investigated a method of rifampicin nanoencapsulation and aerosol delivery using a commercial, hand-held nebulizer modified with a nitrogen stream.
Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis (MB) and is considered one of the main challenges in modern public health. 1 According to the World Health Organization, TB remains one of the world's deadliest communicable diseases and an estimated 9.0 million people developed TB and 1.5 million died from the disease in 2013. 2, 3 One of the drugs used as a first-line treatment for TB is rifampicin (RIF), an antibiotic that inhibits the synthesis of bacterial RNA by binding to the beta-subunit of RNA polymerase. 4, 5 RIF is considered a model antibiotic with well defined chemical properties (MW = 823 g/mol, pI = 4.8) and optical response (absorption maxima at 255 nm, 336 nm, and 475 nm). RIF is soluble in a number of organic solvents (dimethylsulfoxide: ~100 mg/mL; methanol: 16 mg/ml; chloroform: 349 mg/ml; ethyl acetate: 108 mg/ml; and acetone: 14 mg/ml) and is slightly soluble in water (2.5 mg/ml). Although RIF is one of the most effective antituberculosis agents available, increased drug resistance, low cell permeability, difficulty in maintaining higher drug concentrations at the infected site, and degradation of the drug before reaching the target site 6 limit drug efficacy. In addition, several reports have described limited bioavailability of RIF (especially when used in combination with other antituberculosis agents such as isoniazid, pyrazinamide and/or ethambutol). 1, 5 Moreover, when administrated orally RIF may also cause adverse effects, attributed to the systemic exposure to the drug. 7, 8 Because the pulmonary form of TB prevails, growing attention has been given to respiratory routes to administer RIF. However, the poor retention of the drugs in the lungs and the invasive nature of some of these procedures (e.g. intra-tracheal instillation) have hindered its use in clinical settings. Clearly, developing a more efficient RIF delivery route could significantly improve TB treatment and outcomes. The use of nanomaterials 9 and colloidal systems 10 are promising avenues for decreasing side effects, enhancing the therapeutic efficacy, and improving bioavailability. 11, 12 Because they exhibit unique physicochemical properties such as ultra-small and controllable size, large surface-to-volume ratio, and well-known surface chemistry, 13 nanoparticles have been proposed for formulations administered via diverse delivery modalities including parenteral, oral, intraocular, transdermal, or pulmonary inhalation. As the latter route is non-invasive and can be used for both systemic and local applications, 7, 14 it has received great attention in last few years. Moreover, the large alveolar surface area, extensive vascularization, limited proteolytic activity and absence of first-pass metabolism 7, 14 have recently enabled the development of inhalable insulin. 15 In general, formulations based on nanoaerosols can provide better drug solubility, reduce clearance by macrophages, and decrease the displacement of the drug to the airways 10, [16] [17] [18] .
Among the different types of commercial systems that have been used to produce aerosols for respiratory drug delivery, 19 mesh nebulizers (vibrating a plate with micro orifices) enable the on-demand aerosol production with minimal volume requirements, low heat production, and narrow dispersion of particles produced. 18, 20 Because the droplet size is typically in the 3 μm to 9 μm range, one of the main drawbacks of this technology is that only a small fraction of the material can reach the site of the infection. This is principally because larger aerosolized molecules impact at bifurcations in the upper airways. Ventilation-perfusion inequalities further impair the effective delivery of micrometer-sized drugs to the lower lung and extrapulmonary spaces. Aiming to address these shortcomings, the present manuscript describes the encapsulation of RIF in self-assembled nanoparticles (NP) produced as aerosols using a low-cost, hand-held nebulizer. This communication builds on a previous report 12 focused on the development of the nanoparticles and their potential to encapsulate model drugs.
Materials and Methods
A detailed description of the instruments and procedures used in this project is included as Supplementary Information. NPs containing RIF were prepared according to a procedure recently described. 12 Briefly, the lipid nanoparticle formulation was prepared by a combination acid responsive asparaginederived amphiphile (ALA-11) and cholesterol (20:80). The N,Nacetal group of ALA-11 disassembles under acidic conditions results in the release of a hydrophobic encapsulates. ALA-11 was synthetized by cyclocondensation of an equimolar ratio of L-asparagine and n-dodecanal in a methanolic NaOH solution followed by evaporation. Cholesterol was added to a freshly prepared ALA-11 formulation and the mixture was dissolved in 50:50 chloroform/methanol (v/v). As a reference, the structure of the selected amphiphile (ALA-11) is shown in Figure 1 . The solvent was evaporated from these preparations to produce thin films, which were dissolved in a phosphate buffered solution (PBS, pH 7.4, 4°C) until use. Stock solutions of RIF (1.0 mg/mL) were prepared by dissolving an appropriate amount of solid RIF in methanol.
For the encapsulation, 300 µL of the solution containing NP (in PBS pH 7.4) were dispensed in a round bottom flask and lyophilized (-50°C). Next, 1 mL of methanol (containing 1 mg of RIF) was added, and the slurry was vortexed for 15 s, and evaporated under a N 2 stream. This process was repeated with 1 mL of chloroform to prepare a homogeneous phase containing both lipid and RIF (other solvents should be considered if the protocol is to be adapted for animal studies). Finally, 3 mL of water were added and the contents were vortexed until complete homogenization (typically less than 5 min) and placed in the nebulizer's medicine chamber. For the characterization, the produced aerosol was first collected on grids (300 mesh carbon film) and analyzed using a transmission electron microscope (TEM). Preliminary experiments demonstrated that in addition to NPs, large amounts of water were nebulized and collected in the grid, impairing the analysis by microscopy. To remove the water droplets, a drying chamber composed of a glass tube (60 cm length, 2.5 cm ID) equipped with a nitrogen inlet was coupled to the outlet of the nebulizer. TEM samples were collected at four N 2 flow rates (2, 3, 4 and 5 L/min) by exposing the microscopy grid to the outlet of the glass tube. To estimate the nebulization rate, the change in weight of the TEM grids was determined.
To measure the amount of RIF encapsulated in the NPs, 3 mL of an aqueous suspension of RIF/NP, were centrifuged (13400 rpm for 5 minutes) to produce a pellet (containing the RIF/NP) and a supernatant containing free RIF. After removing the supernatant, the precipitate was dissolved in 1.5 mL of isopropanol, sonicated (5 min), and centrifuged (13400 rpm for 15 min) to release RIF from the NPs. The RIF was quantified by spectrophotometry (absorbance at 336 nm) using a calibration curve performed under equivalent conditions.
One of the main advantages of using NPs for drug delivery is the possibility to sustain the delivery of the drug over a period of time. In order to stablish the half-life and determine the stability of the putative NPs, 7.5 mg of RIF/NP lyophilized were resuspended in 5 mL of PBS (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na 2 HPO4 and 0.24 g/L KH 2 PO4) and maintained in an orbital shaker (100 rpm) at room temperature (72 ± 2 F). An aliquot of the sample (500 µl) was obtained at different times (during 9 days), centrifuged (13.4 rpm for 5 min) and analyzed spectrophotometrically to determine the remaining amount of encapsulated RIF using the procedure above described.
Results
Aerosolization Process. Hand-held nebulizers are inexpensive, compatible with the delivery of a number of therapeutic agents, and afford dose control by temporal exposure. Because it has been reported that the nebulization rate can be influenced by a number of parameters (including the viscosity of the solution), the nebulization rate of a solution containing encapsulated RIF was measured. According to our experiments (data not shown), a constant rate of 0.088 ± 0.005 mL/min was maintained over 20 min. These results indicate that although the addition of the NP/RIF significantly decreased the nebulization rate with respect to the maximum specified value from the manufacturer (up to 0.25 mL/min), the selected device enable reasonable control of the dosage of the proposed formulation. The difference observed, with respect to the nominal value reported by the manufacturer, could be attributed to differences in the viscosity of the nebulized solution.
In order to analyze the number the NP released during the nebulization, 3 mL aliquots of a solution containing NP/RIF were dispensed in the "medication cup" of the nebulizer. Samples of nebulized NP were collected on carbon grids and analyzed by scanning TEM for each of the four previously examined N 2 flow rates (2, 3, 4 and 5 L/min). Each grid was positioned at the outlet of the glass chamber and the NPs were collected during 15 seconds. At least five, separate, randomly-chosen fields per substrate and condition were processed in the TEM, manually counted and used to construct the histogram. According to our results (Figure 1) , an increased N 2 flow rate resulted in a substantial increase in the number of particles collected (200 NP/min at 2 mL/min vs 3200 NP/min at 5 mL/min) and decrease in the average size of such particles (780 nm at 2 mL/min vs 380 nm at 5 mL/min). Data in Figure 2 provide strong evidence that the majority of the aerosolized sample exists in the sub-800 nm range. While the numerical Please do not adjust margins Please do not adjust margins difference in the average can be attributed to the presence of larger particles in the sample collected using 2 mL/min N 2 , the mode (most frequently occurring value) of both populations was very similar (292 nm at 2 mL/min vs 278 nm at 5 mL/min). These results indicate that adding a stream of N 2 to the outlet of the nebulizer can provide significant advantages in the delivery and control of the particle dimensions. It is important to note that if required, the carrier gas could be potentially replaced by compressed air (containing oxygen). Electron microscopy images were used to provide evidence that RIF was contained within the structure of the aerosolized particles. As it can be observed in Figure 3A , and in agreement with previous results, 12 spherical particles with rather uniform optical density were observed when only the NP was placed in the nebulizer. On the other hand, much smaller particles (solids) were obtained when a solution of RIF (no NP) was nebulized ( Figure 3B ). On the contrary, when the composite of NP/RIF was aerosolized, the expected core/shell arrangement was obtained ( Figure 3C ). In this case, the dimensions of neither the RIF core nor the lipidic shell were significantly affected (when compared to the originally described NP 12 ). It was observed however, that the RIF core visualized inside the NP were morphologically cubic. These polymorphic forms of RIF (form I and form II), have been previously reported and could impact the pharmacokinetics of RIF. 21, 22 Further experiments are required to identify the structure of RIF in the core of the NP. To evaluate the encapsulation efficiency into the NPs, mixtures of the lipid NP (2.5 mg) were mixed with increasing amounts of RIF (in the 0.75 -2.0 mg range). The RIFencapsulated NPs were prepared following the previously described procedure, free RIF was removed from the bulk solution by centrifugation/washing cycles, and the encapsulation was measured by spectrophotometry at 336 nm after releasing the RIF from the NPs using isopropanol. As it can be observed in Figure 4 , the higher the concentration of RIF added to the mixture, the higher the amount of RIF encapsulated. As the size and area of the NP is relatively constant, these results are compatible with the inclusion of the antibiotic inside the NP. It's important to point that although the loading obtained with 2 mg of RIF is relatively low (20%), these composites can participate in the aerosolization and efficiently encapsulate significant amounts of RIF. Additional studies are currently underway (and will be reported separately) to evaluate the efficiency of sonication in the encapsulation process. The results obtained with RIF (modestly soluble in water) are in agreement with our previous studies, where we showed that ALA-11/cholesterol NPs encapsulated two highly hydrophobic molecules (but not hydrophilic molecules) and suggest that the interior of the produced NPs does not contain solvent.
One of the most important aspects of the use of NPs for drug delivery is the ability to release the drug in a timespam that is clinically relevant. In this regard, Aboutaleb et al 23 showed a release of 75% of encapsulated RIF during 3 days. Singh, et al 24 showed 70% RIF release RIF from NP after 9 days. To evaluate the stability of NP/RIF under near physiological conditions, NP/RIF were placed in an isotonic solution (pH 7.4) and kept under constant agitation (orbital shaker, 100 rpm) for 8 days. Aliquots were collected daily to measure the amount of remaining NP/RIF. As it can be observed in Figure 5 , samples collected during the 8 days showed an exponential decrease in the amount of RIF released (as NP/RIF loose integrity), reaching a release of RIF of 65% of RIF within 8 days. While additional studies are required to investigate the stability of the NP/RIF in the long-term, these results demostrate that the proposed NP can significantly delay the delivery of the RIF and could provide a sustained delivery mechanism for the antibiotic. 
Conclusions
Low-cost nebulizers can be used to produce aerosols containing 400 nm NP loaded with RIF. The NPs are approximately 20% w/w of RIF, a core/shell configuration was obtained, where the RIF crystal was encapsulated by the lipidic NPs. Although the kinetics of RIF encapsulation and release may be affected by the specific dimensions of the particle, the presented NP/RIF showed a rather slow release of the RIF. In addition, previous results from our group have demonstrated that slight increases in the acidity of the environment can aid in the disaggregation of the NP and deliver their contents. Overall, we believe this low-cost methodology could provide alternative ways to administer RIF, reduce of overall therapeutic dose, prevent unwanted side effects, and improve adherence of patients to the therapy.
